ABSTRACT
INTRODUCTION

Magnocellular neurons of the hypothalamic supraoptic nucleus (SON) and paraventricular nucleus (PVN)
release either of the two hormones, vasopressin and oxytocin, directly into the bloodstream from their axon terminals located in the neurohypophysis. Under a variety of physiological conditions (e.g., dehydration, hypovolemia, lactation), these neurons display bursting activities that produce a large increase in the circulating concentrations of oxytocin and vasopressin. There is considerable evidence to suggest that glutamate plays an important role in the generation of bursts in these neurons. Glutamatergic terminals are abundant on hypothalamic magnocellular neurons (20) and glutamate is responsible for the fast excitatory synaptic input to the magnocellular neurons (54, 57). Glutamate appears to be essential for the onset and maintenance of bursting activity in both vasopressin and oxytocin neurons in vitro (18, 21) and in vivo (31, 35, 36) . Glutamate circuits also carry information from perinuclear zones surrounding the SON and PVN (5, 6, 10, 21) as well as from circumventricular osmosensitive brain structures to the magnocellular neurons (12, 38) .
In rat SON and PVN oxytocin neurons, the onset of bursts is synchronous during lactation to within about 700 ms (3, 4) , suggesting a functional connection between neurons located in the different magnocellular nuclei. Oxytocin injected into one PVN or SON in vivo has been shown to induce bursting activity in the contralateral nucleus of the lactating rat (23, 30, 34) , providing evidence for functional interactions among the nuclei. Further support for functional internuclear connections has been provided by several anatomical and electrophysiological studies showing projections between the bilateral paraventricular (42, 43) and supraoptic nuclei (46, 53) , and between the ipsilateral supraoptic and paraventricular nuclei (39, 40, 52) . Here we used whole-cell patch clamp recordings in a hypothalamic slice preparation to determine whether the paired PVN and the PVN and ipsilateral SON are synaptically coupled via glutamatergic circuits and whether these circuits are sensitive to norepinephrine. We show that the two paraventricular nuclei and the PVN and ipsilateral retrochiasmatic SON (SON rx ) area are connected by glutamatergic circuits, and that these circuits are activated by norepinephrine and are 4 capable of triggering bursts in magnocellular neurons. Part of this work has been published in abstract form (7) .
METHODS
Experiments were performed according to a protocol approved by the Tulane University Institutional Animal Care and Use Committee and in conformance with U.S. Public Health Service guidelines. Male Sprague Dawley rats (60-150 g) were deeply anesthetized with i.p. sodium pentobarbital (50 mg/kg body weight) and decapitated with a guillotine, and the brain was quickly removed from the cranial cavity and were identified as oxytocinergic (1 responsive to contralateral PVN stimulation, 2 to SON rx stimulation).
DISCUSSION
Here we describe intra-hypothalamic glutamate circuits that synaptically couple the contralateral PVN and the ipsilateral SON rx area with PVN magnocellular neurons and that are activated by norepinephrine. We stimulated the SON rx area because it is the part of the SON that is present in coronal slices containing the PVN. Because of the restricted size of the SON in its retrochiasmatic portion, we can say only that we stimulated the region of the SON rx , and not the SON magnocellular neurons directly.
Our findings with stimulation in the PVN and SON rx corroborate data from our lab and others that provide increasing evidence 1) that magnocellular neurons are regulated by intra-hypothalamic glutamatergic circuits (10, 18, 21, 22) , 2) that these circuits are activated by norepinephrine (5, 10), and 3) that these circuits may play a role in the generation of synchronous bursting activity in oxytocin neurons (19) . Brainstem catecholaminergic neurons are activated during suckling (25) and parturition (1, 28) .
There are increased numbers of glutamatergic and noradrenergic terminals in the SON during lactation (13, 29) , and both the glutamatergic and noradrenergic inputs to oxytocinergic neurons appear to be critical for parturition and lactation (1, 2, 11, 25, 28, 51) . Norepinephrine is released in the SON prior to and during a rise in SON glutamate levels, which correlates temporally with the activation of oxytocin neurons and oxytocin release associated with parturition and milk ejection (2, 17).
Thus, a possible mechanism for the synchronous burst generation among oxytocin neurons during parturition and/or milk ejection is by sensory stimulation, via uterine contraction or suckling, of ascending brainstem noradrenergic projections to hypothalamic glutamate neurons and the subsequent activation of intra-hypothalamic glutamate circuits to drive synchronous bursting among oxytocin 10 neurons. This model would require that norepinephrine drive local glutamate circuits that interconnect magnocellular neurons within the individual magnocellular nuclei as well as inter-nuclear circuits that connect the ipsilateral and bilateral supraoptic and paraventricular nuclei. We and others have found evidence for each of these elements of the model. Thus, Douglas and colleagues (11) have reported that ascending brainstem noradrenergic projections to the SON are activated by uterine contractions and stimulate oxytocin neurons during parturition. We reported in a previous study that norepinephrine activates local glutamate circuits within the PVN, providing evidence for an intra-PVN, norepinephrinesensitive glutamate circuit that controls PVN magnocellular neuron activity (10) . We also found evidence previously for local glutamate inputs to SON magnocellular neurons from the peri-nuclear region of the SON (6). Poulain and colleagues reported synchronous bursting activity in hypothalamic slice cultures that is generated and synchronized by excitatory synaptic inputs from local glutamate circuits (19, 21) .
Finally, here we provide evidence for norepinephrine-sensitive intra-hypothalamic glutamate circuits that connect the contralateral PVN and the ipsilateral SON rx area with magnocellular neurons in the PVN.
These observations together support a model of norepinephrine activation of inter-and intra-nuclear glutamate circuits that may provide the functional synaptic infrastructure to support the coordinated activation of magnocellular neurons under stimulated conditions, whether it be synchronized burst generation in oxytocin neurons or simultaneous, asynchronous burst generation in vasopressin neurons ( Figure 8 ).
Electrical stimulation of the contralateral PVN or ipsilateral SON rx elicited EPSPs/EPSCs in PVN magnocellular neurons with latencies ranging from 1.1 to 10.5 ms. As in our previous study (6), we often observed multiple EPSPs/EPSCs to a single electrical stimulus (77% and 52.6% of the time, respectively, with contralateral PVN and SON rx stimulation), all of which were blocked by glutamate receptor antagonists. The short and constant latencies of some evoked EPSPs/EPSCs in our experiments suggest that monosynaptic pathways were probably activated by stimulation of the contralateral PVN and ipsilateral SONrx. In contrast, the longer latency and multiple EPSPs/EPSCs in response to electrical stimulation are consistent with activation of polysynaptic circuits. Our findings suggest, therefore, that 11 these inter-nuclear glutamate circuits may, on the one hand, provide a direct, monosynaptic excitatory projection to PVN magnocellular neurons, yet they may also drive other excitatory circuits, presumably local glutamatergic circuits, which could be involved in synchronizing magnocellular neuronal activity under stimulated conditions, as proposed in the model in figure 8 . The range of latencies seen in our experiments was narrower than the range of latencies reported in vivo (39) , suggesting that some polysynaptic circuits were severed in our slices, as one might expect. We obtained synaptic responses from glutamate microdrops applied to the same loci as our electrical stimulation, the contralateral PVN and ipsilateral SON rx area, suggesting that the excitatory synaptic afferents activated by glutamate microdrops were among the afferents activated by the electrical stimulation, and that these were therefore probably also glutamatergic in nature.
Electrical stimulation is capable of activating local neurons as well as fibers of passage, making it difficult to rule out the activation by electrical stimulation of afferents originating from elsewhere in the brain. We used microdrop application of glutamate to circumvent this problem. Ionotropic glutamate receptors are not present on axons (9, 14) , such that the excitatory effects of glutamate microdrops can be interpreted as activation of the somata/dendrites of presynaptic neurons. Metabotropic glutamate receptors are present at presynaptic glutamatergic terminals on magnocellular neurons, but the activation of these receptors causes a reduction in glutamate release that is insensitive to TTX (41) . The response seen here to glutamate microdrops, i.e. a synaptic excitation, was blocked by TTX and was opposite to that seen with activation of presynaptic metabotropic glutamate receptors, indicating that it was not caused by the activation of presynaptic glutamate receptors, but rather to excitatory glutamate receptors located on upstream neurons that were part of intact local glutamate circuits. Whether our microdrop stimulation of the PVN extended beyond its boundaries to the perinuclear region is unlikely. While it is not possible to assess the area covered by the electrical stimulation, the glutamate and norepinephrine The SON and PVN undergo dramatic structural (15, 50) and functional changes (37, 44) at late pregnancy, which include enhanced glutamatergic innervation, as indicated by increased glutamate synapses (13) and glutamatergic synaptic inputs (45) . Although the theory has been challenged recently (8) , these changes are thought to provide a structural substrate that supports burst generation and synchronization among oxytocin-secreting neurons in parturient and lactating female rats. To what extent these anatomical changes influence bursting activity in oxytocin neurons is not known. If they are not involved at all, as suggested by the recent report by Theodosis and colleagues (8), it is then difficult to explain why they occur only during parturition and lactation, widely assumed to be the only physiological states in the female rat during which oxytocin neurons display bursting activity. Nevertheless, as
proposed by Theodosis and colleagues (8) , these morphological changes may serve not to facilitate bursting activity, but rather to filter out other afferent inputs not relevant in the context of parturition and lactation, such as low-grade stress or osmotic inputs (33) . Although we cannot interpret our results from male rats to bear directly on conditions in which synchronous bursting is observed in female rats, we can interpret our findings to represent a basic circuit structure present in the hypothalamus, subject to confirmation in the female rat. We found sporadic burst generation in response to tonic electrical stimulation and to activation of local circuits in slices from male rats. Although burst generation has been reported under certain conditions in magnocellular neurons from male rats (55) , and bolus release of oxytocin, similar to that seen during parturition and milk ejection, occurs in males during copulation (32), it is not known whether oxytocin neurons in male rats generate a synchronous bursting activity similar to that seen in lactating females. Nevertheless, if we assume that the local synaptic circuitry present in the 13 male hypothalamus represents a baseline synaptic organization, and if the enhanced glutamatergic innervation of oxytocin neurons seen at parturition in females is facilitatory for burst generation/synchronization among the oxytocin neurons of parturient/lactating female rats, and if burst generation depends on local glutamate circuits, as shown in organotypic slice cultures (19) and proposed in our model (Figure 8 ), then we might expect to find a greater density of local glutamate circuits and a greater incidence of bursting in response to activation of these circuits in the parturient/lactating female rat, a subject for further study.
There are two hypothalamic regions that, from previous reports, are in a good position to be involved in the afferent activation of oxytocinergic neurons during the milk ejection reflex, the hypothalamic dorsochiasmatic area and the dorsomedial hypothalamic nucleus (DMH). Neurons in the dorsochiasmatic area send axonal projections to both the SON and the PVN (49) . The coronal slices we used contained the dorsochiasmatic area, and our ipsilateral SON rx stimulation that resulted in the activation of glutamatergic synaptic inputs to PVN magnocellular neurons was likely to include cells in this area, although it is impossible to say from our data whether these cells were recruited into the stimulation. In a previous study, glutamate microstimulation of a region near here -dorsal to the SON and ~ 400 Hm rostral to the SON rx site -elicited an excitatory synaptic response in magnocellular neurons of the principal SON (6). It was also reported that this perinuclear zone receives collateral projections from SON magnocellular neurons (24, 27) , and that this area may provide recurrent feedback (16) all three structures in the same slice, so that we were not able to study the DMH here in the context of internuclear circuits that regulate PVN magnocellular neurons. However, based on these previous findings, the DMH appears to be another region of the hypothalamus in a position to regulate magnocellular neurons in both the PVN and SON, suggesting that the model presented in figure 8 is probably an oversimplification of the actual local excitatory synaptic circuitry that regulates magnocellular neuron activity.
The latency of the glutamatergic response to electrical stimulation of the contralateral PVN was shorter than that to ipsilateral SON rx stimulation. This is probably because of the close proximity of the two paraventricular nuclei to each other, but may also be due to processes from each PVN that bridge the distance between the nuclei (43) . These processes originate in each PVN and cross dorsally over the third ventricle. The nature of these processes and whether they emerge from the PVN magnocellular or parvocellular neurons is not known, however, lesion of the midline area containing these processes deregulates bursting activity among oxytocin neurons in lactating rats (30) .
Conclusion
We present evidence in acute hypothalamic slices for inter-nuclear PVN-to-PVN and SON rx -to-PVN synaptic coupling via norepinephrine-sensitive glutamate circuits. These intra-hypothalamic excitatory synaptic circuits are capable of driving bursting activity in PVN magnocellular neurons, and may, therefore, play a key role in the generation and synchronization of bursting activity in oxytocin neurons and in the coordinated activation of vasopressin neurons under stimulated conditions. Noradrenergic projections to presynaptic glutamate terminals and directly to magnocellular neurons have been left out for the sake of clarity.
